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A method of dynamic continuous-wave spectroscopy of coherent population trapping (CPT) res-
onances using phase modulation of the jump type is developed. The time evolution of the spectro-
scopic signal is investigated. A method for the formation of an error signal for frequency stabilization
is proposed. We show that our approach has a reduced sensitivity to the lineshape asymmetry of
the CPT resonance. The experimental results are in good qualitative agreement with theoretical
predictions based on a mathematical model of a three-level Λ system in a bichromatic field. This
method can be used in atomic frequency standards (including chip-scale atomic clocks).
PACS numbers:
I. INTRODUCTION
Atomic clocks is one of the rapidly developing direc-
tions of investigation in quantum metrology. They have
numerous fundamental and industrial applications: they
can be used in verification of basic theoretical models,
ultra-precision measurements, navigation, telecommuni-
cations, geodesy, etc. [1–6].
At present, major efforts in the field of compact atomic
clocks of the microwave range are focused on using co-
herent population trapping (CPT) resonances [7–11] for
frequency stabilization of local oscillator. The essence
of the CPT effect is that, under the condition of two-
photon resonance in the bichromatic field, a dark (non-
absorbing) state is formed, which is a coherent superpo-
sition of long-living atomic levels. An advantage of such
devices is a fully optical excitation scheme of narrow rf
resonance without a microwave cavity. This allows one
to considerably decrease the physical package size (up to
the chip scale) and the energy consumption [12–14]. At
the same time, CPT clocks can have very good metrolog-
ical characteristics. For instance, a long-term stability of
several units of 10−15 was demonstrated in CPT Ramsey
spectroscopy [15, 16].
The evolution of atomic clocks leads to the devel-
opment of new spectroscopic methods. In particular,
there is growing interest not only in standard stabiliza-
tion schemes in which relatively slow harmonic mod-
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ulation is used to form the error signal, but also in
stabilization modes using the dynamic response of the
quantum system. For example, a frequency standard
based on the transition process in a spectroscopic sig-
nal with frequency-step modulation was proposed and
implemented in [17, 18].
On the other hand, the most important aim remains to
improve the metrological characteristics of atomic CPT
clocks based on continuous-wave spectroscopy, which are
in great demand and have different practical applications.
In particular, there is the problem of resonant frequency
shift due to the asymmetry of the dark resonance line-
shape [19–22], which differs from well-known light shift
due to off-resonant interaction (far-off-resonant ac Stark
shift). This lineshape-asymmetry-induced (LAI) shift de-
pends on the light intensity and can give significant con-
tribution to the total clock frequency shift. Thus, the
LAI shift and its fluctuations have a negative impact on
the accuracy and long-term stability of the CPT clock.
Therefore, the development of new spectroscopic meth-
ods to solve this problem is of undoubted interest.
In this paper, we develop a novel dynamic approach
to the continuous-wave spectroscopy, which allows us to
effectively solve the frequency shift problem due to the
asymmetry of the CPT resonance lineshape (LAI shift).
This approach is based on phase-jump modulation and
use the following algorithm to form a spectroscopic sig-
nal. First, on the interval with a constant phases of the
bichromatic field, atoms are pumped into the dark state,
which is sensitive to the phase difference of two frequency
components. Then, due to this sensitivity, after jump of
the phase difference, we have a transient process of op-
tical pumping into the new dark state. In this case, the
2time dynamics of absorption depends on the two-photon
detuning and value of the phase difference jump. It al-
lows us to generate an error signal for two-photon detun-
ing as difference between integrated absorption signals
for the phase jumps with opposite signs. The proposed
phase-jump method holds much promise for frequency
stabilization in CPT atomic clocks (including chip-scale
ones).
II. THEORETICAL MODEL
Let us consider, as a theoretical model of the atomic
medium, a closed three-level Λ system (see Fig. 1) inter-
acting with a bichromatic field:
E(t) = E1e
−i[ω1t+ϕ1(t)] + E2e
−i[ω2t+ϕ2(t)] + c.c., (1)
under conditions of coherent population trapping, that
is, when the difference of frequencies ω1 − ω2 is scanned
at the frequency ωhfs of the transition between the lower
states of the Λ system. We will describe the time dy-
namics of the Λ system using the formalism of an atomic
density matrix, which has the following form in the basis
of states {|j〉}:
ρˆ(t) =
∑
m,n
|m〉ρmn(t)〈n|. (2)
In the rotating wave approximation the density matrix
elements satisfy the following equations:
∂tρ31 = [−γopt + i(δ1-ph + δR/2)]ρ31 + iΩ2e
−iϕ2(t)ρ21
+ iΩ1e
−iϕ1(t)(ρ11 − ρ33),
∂tρ32 = [−γopt + i(δ1-ph − δR/2)]ρ32 + iΩ1e
−iϕ1(t)ρ12
+ iΩ2e
−iϕ2(t)(ρ22 − ρ33),
∂tρ21 = (−Γ + iδR)ρ21 − iΩ1e
−iϕ1(t)ρ23 + iΩ2e
iϕ2(t)ρ31,
∂tρ11 =
Γ
2
Tr{ρˆ} − Γρ11 + γ1ρ33 − iΩ1e
−iϕ1(t)ρ13
+ iΩ1e
iϕ1(t)ρ31,
∂tρ22 =
Γ
2
Tr{ρˆ} − Γρ22 + γ2ρ33 − iΩ2e
−iϕ2(t)ρ23
+ iΩ2e
iϕ2(t)ρ32,
∂tρ33 = −(γsp + Γ)ρ33 + iΩ1e
−iϕ1(t)ρ13 − iΩ1e
iϕ1(t)ρ31
+ iΩ2e
−iϕ2(t)ρ23 − iΩ2e
iϕ2(t)ρ32,
ρ12 = ρ
∗
21, ρ13 = ρ
∗
31, ρ23 = ρ
∗
32, (3)
under the condition of normalization (conservation of the
total population):
Tr{ρ} = ρ11 + ρ22 + ρ33 = 1. (4)
Let us introduce the following notation: Ω1 = |d31E1|/~
and Ω2 = |d32E2|/~, are Rabi frequencies for the tran-
sitions |1〉 ↔ |3〉 and |2〉 ↔ |3〉, respectively (d31 and
d32 are matrix elements of the operator of electric dipole
whfs
dR
G
3
1
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FIG. 1: Scheme of the three-level Λ system.
interaction); δ1 = ω1 − ω31 and δ2 = ω2 − ω32 are one-
photon detunings of laser fields; δ1-ph = (δ1+ δ2)/2 is an
effective (general) one-photon detuning; δR = δ1 − δ2 =
ω1 − ω2 − ωhfs is two-photon (Raman) detuning; γopt is
the damping rate of optical coherences (due to sponta-
neous decay processes, collisions with buffer gas atoms,
etc.), γ1 and γ2 are the rates of incoherent population
transfer from a state |3〉 to states |1〉 and |2〉, respec-
tively; γsp = γ1+ γ2 is the spontaneous decay rate of the
excited state |3〉; and the constant Γ describes the relax-
ation of atoms (for instance, due to transit effects) to an
equilibrium isotropic distribution over the lower energy
levels of the Λ system.
From the components of the density matrix ρˆ(t), we
form the following vector-column, ~ρ(t):
~ρ = (ρ11, ρ12, ρ13, ρ21, ρ22, ρ23, ρ31, ρ32, ρ33)
T
. (5)
Then the system of equations (3) can be rewritten as
∂t~ρ(t) = Lˆ~ρ(t); ρ11 + ρ22 + ρ33 = 1, (6)
where the matrix Lˆ is determined by the coefficients of
the system of equations (3).
As a spectroscopic signal, we will study the absorbed
power which, in the case of an optically thin medium, is
proportional to
A(t) = 2 Im{Ω1e
iφ1(t)ρ31 +Ω2e
iφ2(t)ρ32}
= ∂tρ33 + (γsp + Γ)ρ33. (7)
In this case the inverted signal −A(t) corresponds to the
dynamic part of the transmission signal at the output of
the atomic medium.
III. STEADY-STATE CPT RESONANCE
Under steady state conditions (∂~ρ/∂t = 0), the depen-
dence of the absorption signal (7) on two-photon detun-
ing δR (as shown in Ref. [23]) is described (at |δR| ≪ γopt)
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FIG. 2: Coherent population trapping resonance. Model pa-
rameters: Ω1 = Ω2 = 0.1γsp, γ1 = γ2 = γsp/2, γopt = 50γsp,
Γ = 10−4γsp, δ1-ph = 0.
by the function
Ast(δR) = C0 + C1
γ2CPT
(δR − δ0)
2
+ γ2CPT
+ C2
(δR − δ0) γCPT
(δR − δ0)
2
+ γ2CPT
, (8)
where the quantities C0, C1, C2, γCPT, and δ0 depend on
the model parameters (Ω1, Ω2, δ1, δ2, γsp, γopt, and Γ).
In the case of small one-photon detuning (|δ1-ph| ≪
γopt) the antisymmetric contribution to the CPT reso-
nance shape [the last term in the expression (8)] becomes
negligibly small, that is, C2 ≈ 0. Under an additional as-
sumption that the decay rate of the dark state is much
less than the damping rate of optical coherences and the
excited state population (Γ ≪ γsp, γopt), for the half-
width of the CPT resonance γCPT (see Fig. 2) we obtain
the following analytical expression:
γCPT ≈
(
Γ +
Ω21 +Ω
2
2
γopt
)
√
1 +
12Ω21Ω
2
2
γspγ2opt
(
Γ +
2γ2Ω
2
1 + 2γ1Ω
2
2
γspγopt
)−1 . (9)
The atomic clocks typically have a low saturation regime
(Ω21,2/γspγopt ≪ 1), in which case the following relation
holds:
12Ω21Ω
2
2
γspγ2opt
≪ Γ +
2γ2Ω
2
1 + 2γ1Ω
2
2
γspγopt
. (10)
Then we find from (9) with (10) that the half-width of
the dark resonance in the low-saturation regime can be
described by the following simple formula (e.g., see also
Ref. [24]):
γCPT ≈
(
Γ +
Ω21 +Ω
2
2
γopt
)
. (11)
Note, that the theory of CPT resonances taking into ac-
count Zeeman structure of hyper-fine energy levels was
developed in Ref. [25].
t
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FIG. 3: Scheme of jump modulation of the relative phase
ϕr = φ1 − φ2 of the bichromatic field (1), ϕ0 is initial phase
difference of fields under stationary pumping of atoms, τd is
detection time of the signal.
IV. PHASE-JUMP MODULATION
In our approach, the dynamic (that is, time-
dependent) response of the quantum system is due to
the modulation of the relative phase of the bichromatic
field:
ϕr(t) = ϕ1(t)− ϕ2(t) (12)
according to the jump law:
ϕr(t) =
{
ϕ0, if t < t0;
ϕ0 +∆ϕ, if t ≥ t0,
(13)
where ϕ0 is the initial phase difference of the two-
frequency field, and ∆ϕ is the value of phase jump. A
scheme of modulation of the relative phase ϕr is shown
in Fig. 3. First the atoms are pumped to a steady state.
Then the relative phase changes, in a jump, by some
value, which causes a transition process in the absorption
signal. Fig. 4 presents the calculated absorption signal
(7) versus time for two opposite values of the phase jump:
A(t,+∆ϕ) and A(t,−∆ϕ). In this case there are three
locations of Raman detuning relative to dark resonance:
at the top, near the top, and at half-width. The curves
show that at an exact two-photon resonance (δR = 0)
the dynamics of the transition process does not depend
on the sign of the jump (see Fig. 4a). However, at de-
tuning from resonance (δR 6= 0) the time evolution of the
spectroscopic signal becomes different for phase jumps of
opposite signs (see Fig. 4b, c). These features of the tran-
sition process in the absorption signal make it possible
to form an error signal for frequency stabilization using
phase jumps of different signs as follows:
Serr(δR) =
∫ t0+τd
t0
A(t,+∆ϕ)dt −
∫ t0+τd
t0
A(t,−∆ϕ)dt,
(14)
where t0 is the start time of the spectroscopic signal
recording; τd is the duration of the signal accumulation
(detection time). Thus, the error signal is defined as the
difference between the area below the absorption curve
4FIG. 4: The dynamic part of the transmission signal −A(t)
versus time for three values of two-photon detuning: (a) δR =
0, (b) δR = 0.25γCPT, and (c) δR = γCPT. ∆ϕ = +pi/2
(red solid curve), ∆ϕ = −pi/2 ( blue dashed curve). Model
parameters: Ω1 = Ω2 = 0.1γsp, γ1 = γ2 = γsp/2, γopt =
50γsp, Γ = 10
−4γsp, γCPT ≈ 5× 10
−4γsp, δ1-ph = 0.
for a positive jump of the relative phase and the area be-
low the absorption curve for a negative phase jump. The
frequency stabilization of the local oscillator is near the
zero error signal: Serr(δR) = 0. Fig. 5 shows a typical
form for Serr(δR).
Under conditions of one-photon resonance (|δ1-ph| ≪
γopt), we have the following symmetry relation:
A(t, δR,∆ϕ) = A(t,−δR,−∆ϕ). (15)
By virtue of (15), the dependence of the error signal (14)
on two-photon detuning has an antysymmetric form, that
is, Serr(−δR) = −Serr(δR).
The key characteristic of the error signal that affects
the stability of the frequency standard is the slope of the
Serr
d gR CPT/-4 -2 2 4
-0.5
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1 3 5-5 -3 -1 0
FIG. 5: Error signal. Model parameters: ∆ϕ = pi/2, Ω1 =
Ω2 = 0.1γsp, γ1 = γ2 = γsp/2, γopt = 50γsp, Γ = 10
−4γsp,
δ1-ph = 0, t0 = 0, τd = 6γ
−1
CPT.
2 4 6 8 10
1000
2000
3000
4000
5000
975310
tdgCPT
|K   |err
FIG. 6: Slope of the error signal linear part section (16) versus
detection time of spectroscopic signal τd. Model parameters:
∆ϕ = pi/2, Ω1 = Ω2 = 0.1γsp, γ1 = γ2 = γsp/2, γopt = 50γsp,
Γ = 10−4γsp, δ1-ph = 0, t0 = 0.
linear part in the center of the spectral line:
Kerr =
∂Serr
∂δR
∣∣∣∣
δR=0
. (16)
It follows from the numerical analysis that
Serr ∝ sin (∆ϕ). (17)
Hence, the maximal slope K
(max)
err of the error signal cor-
responds to the variation of the relative phase ∆ϕ = π/2.
Fig. 6 shows the error signal slopeKerr versus the spec-
troscopic signal accumulation time τd [see (14)]. One can
see that the slope increases with increasing signal accu-
mulation time to some value, and then it practically does
not change. Comparing the curves in Figs. 4 and 6 we
can conclude that the error signal slope reaches a maxi-
mum value when τd corresponds to the time of reaching
a steady state (and exceeds it).
Note that our approach is radically different from the
dynamic frequency-step method [17, 18]. Indeed, if we
present phase-jump modulation in its frequency equiva-
lent (ν = dϕ/dt), we will have a time representation of
alternating δ-functions with different signs at the times
of phase jumps.
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FIG. 7: Scheme of periodic pulse modulation of the relative
phase ϕr = φ1 − φ2 of the bichromatic field (1), ϕ0 is initial
phase difference of fields, τd is detection time, T – modulation
period.
V. PERIODIC PHASE-JUMP MODULATION
(PHASE MEANDER)
In the experiment, at frequency stabilization we, as a
rule, use the signal accumulated in a sufficiently large
number of successive spectroscopic measurements for
each frequency value. That is, a periodic process of the
quantum system excitation takes place. The above spec-
troscopic scheme can be considered as a particular case
of periodic phase-jump modulation (phase meander) if
the modulation period is much greater than the time of
pumping of the atoms to a steady state (T ≫ γ−1CPT).
Fig. 7 presents a periodic sequence of phase jumps. To
construct a periodic solution to equation (6) we used a
method of [26], which is based on a concept of “dynamic
steady state”. According to the approach described in
[26], the periodic solution for the vector ~ρ(t) corresponds
to the eigenvector of the evolution operator Wˆ (t + T, t)
with an eigenvalue equal to unity:
Wˆ (t+ T, t)~ρ(t) = ~ρ(t),
3∑
j=1
ρjj(t) = 1. (18)
A solution for the vector ~ρ(t) at time t = t0 in the case of
the periodic sequence shown in Fig. 7 can be found from
the following equation:(
e(T/2)Lˆ(ϕ0+∆ϕ)e(T/2)Lˆ(ϕ0) − Iˆ
)
~ρ(t0) = 0,
3∑
j=1
ρjj(t0) = 1, (19)
where Iˆ is a unit matrix. Next, we calculate the value of
the vector ~ρ(t) at time t = t0 + T/2:
~ρ(t0 + T/2) = e
(T/2)Lˆ(ϕ0+∆ϕ))~ρ(t0). (20)
For convenience, we choose the beginning of the period
at time t0 = 0. Then at an arbitrary time inside the
period 0 ≤ t ≤ T we have the following expression for
~ρ(t):
~ρ(t) =
{
etLˆ(ϕ0+∆ϕ)~ρ(0), 0 ≤ t < T/2,
e(t−T/2)Lˆ(ϕ0)~ρ(T/2), T/2 ≤ t < T.
(21)
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FIG. 8: Slope of the linear part of error signal (22) versus
modulation period T for different Rabi frequencies: 1 (black
solid curve) Ω1 = Ω2 = 0.05γsp; 2 (blue dashed curve) Ω1 =
0.1γsp, Ω2 = 0.05γsp; 3 (red dashed curve) Ω1 = 0.2γsp, Ω2 =
0.1γsp; 4 (blue solid curve) Ω1 = Ω2 = 0.1γsp; 4 (red solid
curve) Ω1 = Ω2 = 0.2γsp. Model parameters: ∆ϕ = pi/2,
γ1 = γ2 = γsp/2, γopt = 50γsp, Γ = 10
−4γsp, δ1-ph = 0,
t0 = 0, τd = T/2.
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FIG. 9: Error signal (near the center of resonance) for
jump phase modulation (solid line) and harmonic modula-
tion (dashed line). Model parameters: Ω1 = Ω2 = 0.05γsp,
γ1 = γ2 = γsp/2, γopt = 50γsp, Γ = 10
−4γsp, δ1-ph = 0. For
phase-jump modulation: ∆ϕ = pi/2, T = 3.7/γCPT , t0 = 0,
τd = T/2. For harmonic modulation (see parametrization
in [27]): frequency fm = 1.55Γ, modulation index M = 1.3,
reference signal phase φ = 3pi/4.
Without loss of generality, in the further calculations we
can set ϕ0 = 0 in equations (19)-(21).
In the case of periodic modulation of the spectroscopic
signal, we should investigate the error signal averaged
over the period T :
S(T )err (δR) =
1
T
[∫ t0+τd
t0
A(t, ϕ0 +∆ϕ)dt
−
∫ t0+T/2+τd
t0+T/2
A(t, ϕ0)dt
]
. (22)
It follows from an analysis for jumpwise change in the rel-
ative phase ϕr performed in Section IV that the largest
6error signal slope K
(T )
err will be achieved at the maximum
possible detection time of the spectroscopic signal (see
Fig. 6), which corresponds to τd = T/2. Fig. 8 shows
the error signal slope (22) versus the modulation pe-
riod. One can see that there exists an optimal modu-
lation period Topt in which there is a maximum slope.
Note that in the case of low saturation mode and near
the one-photon resonance, theoretical calculations (for
the closed Λ model) show practically universal relation
Topt ≈ 3.7/γCPT, which is valid for various light intensi-
ties and relaxation parameters.
A comparison of an error signal formed by phase jumps
(22) and an error signal based on harmonic modulation
at optimal parameters (see Ref. [27]) is given in Fig. 9,
where we have used the same field parameters (Rabi fre-
quencies Ω1,2 and one-photon detuning δ1-ph) and atomic
relaxation constants. One can see that the maximal slope
for jump modulation is more than 30% greater than the
maximal slope for harmonic modulation.
VI. LINESHAPE-ASYMMETRY-INDUCED
SHIFT
In this section, we consider an influence of the asymme-
try of dark resonance lineshape to the position of the sta-
bilized frequency in atomic CPT clocks. For example, in
the three-level Λ model, asymmetry occurs for δ1-ph 6= 0
and Ω1 6= Ω2 (see Ref. [19, 20]). As an illustration,
Fig. 10(a) shows the lineshape with broken symmetry for
the steady-state mode. This asymmetry leads to an addi-
tional frequency shift in the standard error signal based
on harmonic frequency modulation [see blue dashed line
in Fig. 10(b)], while the top of the steady-state CPT
resonance is not shifted [see Fig. 10(a)]. This lineshape-
asymmetry-induced (LAI) shift differs from well-known
light shift due to off-resonant interaction (far-off-resonant
ac Stark shift), which is not taken into account in our
theoretical model. The presence of this effect negatively
affects the accuracy and long-term stability of atomic
clocks, the frequency stabilization of which is carried out
by achieving the condition Serr(δR) = 0 in the feedback
loop.
In contrast, in the case of phase-jump modulation,
the error signal practically has not the LAI shift, i.e.,
Serr(0) = 0 [see red solid line in Fig. 10(b)]. We em-
phasize that this fact takes place even despite the ab-
sence of strict antisymmetry of the error signal lineshape:
Serr(−δR) 6= −Serr(δR). Note also that for the graphs
in Fig. 10 we intentionally used such model parameters
(Ω1 6= Ω2 and δ1-ph/γopt), in which the effects of asym-
metry and LAI shift are well-visualized.
The interpretation of the absence of the LAI shift for
the phase-jump modulation is the following. Let us con-
sider the exact two-photon resonance, δR = 0, without
relaxation for the lower states, Γ = 0. In this case, un-
der sufficiently long interaction with a two-frequency field
(1) for a fixed phase difference, ϕ1 − ϕ2 = const, optical
FIG. 10: CPT resonance lineshape under broken symmetry
conditions (δ1-ph 6= 0 and Ω1 6= Ω2): (a) steady-state ab-
sorption; (b) error signals for the harmonic frequency mod-
ulation (blue dashed line) and for the phase-jump modu-
lation (solid red line). Model parameters: Ω1 = 0.2γsp,
Ω2 = 0.1γsp, γ1 = γ2 = γsp/2, γopt = 50γsp, Γ = 10
−4γsp,
δ1-ph = −0.5γopt. For phase-jump modulation: ∆ϕ = pi/2,
T = 6γ−1CPT, t0 = 0, τd = T/2. For harmonic modulation (see
parametrization in [27]): frequency fm = 0.1γCPT, modula-
tion depth F = γCPT, reference signal phase φ = 0.
pumping is occurred to the dark (non-absorbing) state:
|dark〉 =
Ω2|1〉 − e
−i(ϕ1−ϕ2)Ω1|2〉√
Ω21 +Ω
2
2
, (23)
which is independent of the one-photon detuning δ1-ph
and is a superposition of the lower energy levels |1〉 and
|2〉. Moreover, the matrix elements of the optical coher-
ences ρ13 and ρ23, which are sensitive to the phases of the
fields ϕ1 and ϕ2, are absent: ρ13 = ρ23 = 0. In this case,
it can be analytically proved that the dynamics of the ab-
sorption signal after the jump of the relative phase (13)
does not depend on the sign of ∆ϕ, i.e., Serr(0) = 0 for
arbitrary one-photon detuning δ1-ph and Rabi frequen-
cies Ω1,2. We add that in the presence of decoherence for
the lower states (i.e., when Γ 6= 0), a residual LAI shift
formally becomes nonzero for the phase-jump modula-
tion. However, its value remains substantially less than
in the case of the error signal using harmonic frequency
modulation [see Fig. 10(b)].
7FIG. 11: Scheme of the experimental setup. VCSEL is a
vertical-cavity surface-emitting laser tuned to 87Rb D1 line.
Bias-T combines DC injection current with AC current of
microwave modulation (RF). MW generator is a microwave
generator providing AC current at a frequency of 3.417 GHz.
The phase of RF current is modulated by a control signal
from a function generator. λ/2 — half-wave plate, λ/4 —
quarter-wave plate, P — polarizer. PD — photodetector.
Thus, the use of phase-jump modulation has important
advantages for accuracy and long-term stability in CPT
atomic clocks, because this method is practically insensi-
tive to the asymmetry of the lineshape, which depends on
the ratio Ω1/Ω2 and one-photon detuning δ1-ph. There-
fore, in our method there is no hard restrictions on these
parameters (and its fluctuations), which can be chosen
to optimize the clock operation.
VII. EXPERIMENT
The experimental setup is shown in Fig. 11. We use
a single-mode vertical-cavity surface-emitting laser (VC-
SEL), generating at a wavelength of 795 nm, which corre-
sponds to the D1-line of
87Rb. The laser injection current
is modulated by a microwave (MW) generator at a fre-
quency of 3.417 GHz, and as a result, the laser spectrum
becomes polychromatic. The CPT resonance is excited
by the first-order components of the spectrum. A half-
wave (λ/2) plate and a linear polarizer are used to adjust
the total radiation power. The linearly polarized laser ra-
diation passing through the quarter-wave plate acquires
the circular polarization necessary for the formation of
resonance. Laser radiation passes through an atomic cell
and is registered by a photodetector. The signal from the
photodetector is processed using a data acquisition board
(DAQ) (sample rate 2 MS/s) and LabView software (Na-
tional Instruments). A feedback loop is used to stabilize
the frequency of the laser by controlling its temperature.
The power of laser radiation entering the atomic cell is
47 µW, and the beam diameter is about 3 mm.
The atomic cell, heater, and solenoid are placed in a
three-layer magnetic shield. The heater and servo loop
maintain the cell at a temperature of 64◦C with an ac-
curacy of 0.01◦C. A magnetic field of 0.1 G produced by
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FIG. 12: Transmission versus time for three values of two-
photon detuning: 0, 100, and 420 Hz. The curves are ob-
tained by averaging 100 periods of phase-jump modulation.
The zero on the horizontal axis corresponds to the moment
of phase switching; relative phase difference of the first-order
components of the spectrum is −pi/2 (blue curves), +pi/2 (red
curves). The inset shows the laser spectrum entering the cell,
which is provided by a Fabry-Perot interferometer (not shown
in Fig. 11).
the solenoid is used to eliminate the influence of magnet-
ically dependent resonances on the metrological one. A
cylindrical cell has a diameter of 8 mm and a length of
15 mm and is filled with 87Rb vapor and a mixture of
Ar-N2 buffer gases with the total pressure of 29 Torr.
For the described experimental conditions, the CPT
resonance has a width of 840 Hz and is observed at
a frequency of MW generator close to 3.417 344 GHz.
Modulation of the relative phase difference between the
first-order spectrum components is carried out by step
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FIG. 13: Dependences of the slope of the linear part of the
error signal on the phase modulation period T (black squares,
τd = T/2) and on the detection time τd (red diamonds,
T = 12 ms).
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FIG. 14: Normalized error signals obtained with harmonic fre-
quency (black curve) and with phase-jump (red curve) modu-
lation types. The inset shows the linear parts of both signals.
The difference between the zero points is about 6 Hz.
modulation of the phase of the microwave signal. This
modulation is done by the built-in MW generator func-
tion (Agilent E8257C). The control signal is a meander
supplied by the function generator. The same signal is
used as a trigger for DAQ.
The transmission of the atomic cell versus time at dif-
ferent frequency detunings from the CPT resonance peak
is shown in Fig. 12. Experimental curves demonstrate
good qualitative agreement with the theoretical ones (see
Fig. 4). As noted in Section V, an error signal for sta-
bilizing the frequency of the MW generator is formed by
subtracting the integrals of the signals corresponding to
phase jumps with opposite signs and averaging over the
period T .
Fig. 13 shows that the slope coefficient of the linear
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FIG. 15: Dependence of the MW generator frequency locked
to the CPT resonance on the frequency deviation in the case
of harmonic frequency modulation. The modulation index
M=1.3 is the same for all data points. In the case of phase-
jump modulation the MW generator frequency is shown by a
blue solid line surrounded by a light blue region representing
the error range. Note that the frequency of the MW generator
corresponds to half the hyperfine splitting of the ground state.
part of an error signal obtained in this way depends on
the detection time τd (red diamonds) and the phase mod-
ulation period T (black squares). These dependences are
obtained at a laser radiation power reduced to 10 µW
and the corresponding width of the CPT resonance is
400 Hz. This is due to the technical limitations of the
electronics used, which cannot correctly process a signal
with a phase modulation period of less than 1 ms. The
dependence on τd is obtained for T = 12 ms. As the de-
tection time increases, the slope coefficient increases and
reaches a constant level. The maximum slope is achieved
if the entire spectroscopic signal until the next switch-
ing is integrated. It is shown that under this condition
(τd = T/2) the dependence of the slope coefficient on the
modulation period T has a maximum in the vicinity of
T ≈ 3.5 ms, which is close to the theoretical estimate
(Topt ≈ 3.7/γCPT ≈ 2.9 ms). We see that the shapes of
experimental curves shown in Fig. 13 well correspond to
theoretical calculations in Figs. 6 and 8.
The error signals obtained with frequency modulation
(black curve) and with the phase-jump modulation (red
curve) are presented in Fig. 14. The inset in Fig. 14
shows the difference between the zero crossing points
of the given error signals. As it follows from the Sec-
tion VI, this difference is due to the asymmetric CPT res-
onance shape, because the amplitudes of resonant first-
order sidebands are not equal (see inset in Fig. 12 showing
the laser spectrum entering the cell). In the case of har-
monic frequency modulation, such an asymmetry leads
to the LAI shift (when the zero of the error signal does
not coincide with the resonance peak), which depends on
the value of the frequency deviation. In contrast, for the
phase-jump modulation the zero of the error signal cor-
9responds to the resonance peak frequency (see Fig. 10).
This is confirmed by the obtained experimental depen-
dence shown in Fig 15. Indeed, on the one hand, we see
that the frequency of the MW generator stabilized by an
error signal obtained using frequency harmonic modula-
tion (black squares) tends to the frequency corresponding
to the resonance peak with a decrease in the deviation.
On the other hand, the phase jump method gives the
same value of the MW generator frequency (blue solid
line) within the error range regardless of the period T
and detection time τd for given experimental conditions.
VIII. CONCLUSION
We have proposed and studied a previously unex-
plored method of error signal formation in continuous-
wave spectroscopy. This method is based on the excita-
tion of CPT resonances in a bichromatic field with jump
modulation of the relative phase and subsequent detec-
tion of the time dynamics of the spectroscopic signal. A
feature of the approach is that phase-jump modulation
corresponds to the δ-function in terms of frequency mod-
ulation. The parameters at which the slope of the error
signal has a maximum value have been determined. The
theoretical predictions are in good agreement with the
experimental results.
We emphasize that the proposed phase-jump technique
has a reduced sensitivity to the frequency shift due to the
CPT resonance asymmetry (LAI shift) depending on the
one-photon detuning and the relationship between the
amplitudes of the resonant fields. It can lead to the im-
provement of metrological characteristics (long-term sta-
bility and accuracy) in comparison with common method
using harmonic frequency modulation to form an error
signal. Therefore, the developed method requires fur-
ther careful theoretical and experimental studies, and can
find wide use in CPT atomic clocks (including chip-scale
ones).
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